We report vibrational excitation of CO from its ground (v = 0) to first excited (v = 1) vibrational state in collision with Au(111) at an incidence energy of translation of E I = 0.45 eV. Unlike past work, we can exclude an excitation mechanism involving temporary adsorption on the surface followed by thermalization and desorption. The angular distributions of the scattered CO molecules are narrow, consistent with direct scattering occurring on a sub-ps time scale. The absolute excitation probabilities are about 3% of those expected from thermal accommodation. The surface temperature dependence of excitation, which was measured between 373 and 973 K, is Arrhenius-like with an activation energy equal to the energy required for vibrational excitation. Our measurements are consistent with a vibrational excitation mechanism involving coupling of thermally excited electron-hole pairs of the solid to CO vibration.
Introduction
A prerequisite to developing a better understanding and predictive theories of surface chemistry is development of a corresponding understanding and theoretical description of the complex sequence of processes often involved in a surface chemical reaction. A key feature that distinguishes surface chemistry from gas-phase chemistry is energy flow between the translational and internal degrees of freedom of a reacting molecule and the elementary excitations of the solid.
Energy transfer to or from the motion of the atoms of the solid lattice (phonons) is an important aspect of this problem. [1] [2] [3] [4] [5] [6] [7] [8] For the simple case of dissociation of a diatomic molecule on a surface, building in the effects of lattice motion and the 6 molecular degrees of freedom involves developing a potential energy surface (PES) in 7 or more dimensions and then calculating the dynamical evolution of the system on this PES with the application of classical, quantum, or mixed methods. The challenges here are in many ways similar to gas-phase reactivity in polyatomic molecules; namely, to extend present theories of chemical reactivity to include additional (in this case surface atom) degrees of freedom.
Very different challenges and unanswered questions arise when considering how a solid's electron-hole pair excitations (EHPs) interact with a molecule during a surface collision. 9, 10 Electron transfer between the solid and the molecule may take place producing transient negative or positive charge states on the molecule. 11, 12 Excited electronic states of the molecule, high in energy in the gas-phase, may be stabilized in the vicinity of the surface. If the solid is a metal, these molecular electronic states may be coupled to the solid's electronic continuum. Local spin conservation at the reaction center may even be destroyed by rapid two electron transfer (as well as
. 13 Another fundamental consideration: one must confront the breakdown of the Born-Oppenheimer (electronically adiabatic) approximation, 14 which forms the basis of nearly all computational chemistry. 15 Hence, heavy atom motion (vibration, translation and rotation) may, in principle, couple with this complex web of electronic interactions. Understanding electronically nonadiabatic molecular interactions at surfaces is still in its infancy and remains a difficult and important challenge to physical chemistry. 16, 17 Obtaining highly detailed and quantitative comparisons between experiment and theory is needed to make progress. 18 State-to-state beam-surface scattering experiments are particularly important in this context as are state-specific studies of reactive desorption, which can be related to scattering data via the principle of detailed balance. [19] [20] [21] In such experiments a diversity of dynamical properties of scattered molecules, e.g. quantum-state, 12 speed 22, 23 and angular distributions, 24 can be studied as a function of a wide range of incidence conditions such as: incidence translational, 25 electronic, 26, 27 vibrational, 28 and rotational energy 29 at selected incidence angles and surface temperatures. Such data demand high physical accuracy from new theories and test their assumptions in a highly rigorous way.
Testing electronically nonadiabatic theories of moleculesurface interactions at such a rigorous level has, so far, only been possible for a single example, NO interacting with Au(111). 10 Comprehensive benchmark data were able to discriminate between two competing theories of electronically nonadiabatic behavior; 30 Independent Electron Surface Hopping (IESH) [31] [32] [33] agreed well with benchmark beam-surface scattering data on vibrational excitation probabilities of NO scattering from Au(111), whereas molecular dynamics with electronic friction failed. 30 While agreement between experiment and IESH is good for this system, remaining deviations do exist. IESH suffers weaknesses in its ability to predict the NO vibrational excitation probability dependence on incidence energy of translation 30 as well as associated scattering angular and rotational distributions. 34 40 We thought it would therefore be worthwhile to revisit this challenging system. In this paper we report data on state-to-state scattering of CO from Au(111). We unambiguously observe direct vibrational excitation of CO to its first excited vibrational state. Trapping/desorption can be unambiguously excluded as accounting for the observed vibrational excitation. The surface temperature, T S , dependence is Arrhenius-like as expected for an electronically nonadiabatic mechanism for direct vibrational excitation. 41, 42 These observations open the door to a comprehensive study of many aspects of CO interactions with noble metals, which could serve as an important benchmark for theories of nonadiabatic molecule surface interactions.
Experimental methods
The experiments are carried out in two different apparatus described in detail in previous publications. 40, 43 The T S -dependence of the absolute vibrational excitation probabilities, CO (v = 0 -1), resulting from CO collisions with an Au(111) surface are obtained using an apparatus described in ref. 43 . Briefly, a supersonic molecular beam is produced by expanding 12% CO in H 2 through a piezoelectric actuated nozzle with 3 ATM stagnation pressure at 300 K. The resulting molecular beam produces CO with E I = 0.45 eV and a FWHM for the energy distribution of 0.06 eV. The skimmed molecular beam (2 mm diameter skimmer, Model 2, Beam Dynamics Inc.) travels through one differential chamber before entering the UHV chamber (base pressure 2 Â 10 À10 Torr)
where it collides with a Au(111) crystal at near normal incidence (y i o 21, where y i is the angle of incidence with respect to the surface normal). T S is varied between 370 and 970 K by resistive heating. The surface of the crystal is cleaned by sputtering with 3 keV Ar + and annealing at 1000 K for 20 min. Surface cleanliness is checked by means of Auger electron spectroscopy as in previous work. 44 The populations of CO (v = 0) and CO (v = 1)
are measured by 2 + 1 REMPI via the B 1 S + state scanning the Q-branch of the (0,0) and (1,1) bands, respectively. The required light of 230 nm (3 mJ per pulse) is obtained from a frequency doubled Nd:YAG laser (LabPRO 270, Spectra Physics), pumped dye laser (Sirah, PRSC-DA-24). The laser beam is focused using a Suprasil lens (f = 500 mm) and ionizes the scattered molecules at a scattering angle of 201 (with respect to the surface normal) without saturating the two-photon transition. 45 Scattering angular distributions are measured on an apparatus described in detail in ref. 40 , which resembles the experimental setup just described. This apparatus has an additional differentially pumped chamber between the source and the UHV chamber and is equipped with an optical arrangement that makes it possible for us to translate the REMPI beam along a line perpendicular to the molecular beam enabling measurements of scattering angular distributions. The angular divergence of the incoming molecular beam was calculated from the geometry of the instrument to be 1.21. View Article Online the strong T S -dependence of the population observed in CO (v = 1), clearly showing that the vibrational excitation of CO is strongly coupled with the thermal energy of the solid. The ratio of the integrated Q-branch intensities of the (1,1) and (0,0) bands is used to calculate the absolute vibrational excitation probability -CO (v = 0 -1) due to collision with Au(111) -in a quantitative fashion analogous to previous work on NO scattering from Au(111). 44, 46 Great care was taken to correct for vibrationally elastic scattering of thermally populated CO (v = 1) in the incident beam. The narrow Q-branch of the (0,0) band is blue shifted by 0.17 nm with respect to the likewise narrow Q-branch of the (1,1) band; hence, the two bands are spectrally well separated as shown in Fig. 3 of ref. 8. Since the two bands are narrow and near to one another, scanning the laser back and forth between and across these two bands is a simple matter performed in a short time. By using the integrated Q-branch intensity ratio between the (0,0) and the (1,1) bands, no Hönl-London factors need to be taken into account to obtain the vibrational excitation probability. Since the laser pulse energy used here does not saturate the B 49 The observed power dependence shows that only the ionization step in the 2 + 1 REMPI is saturated. For each vibrational state, the voltage across the MCP was adjusted to avoid saturation and the relative signal was calculated using the measured gain curve of the MCP.
Results

REMPI
Excitation probabilities derived in this way are displayed in Fig. 1 (as solid circles) for 373 K r T S r 973 K in an Arrhenius plot assuming no significant angular dependence of the vibrational excitation. The solid line in Fig. 1 is a fit to the derived excitation probabilities, P v , of the form: P v (T S ) = A exp(ÀDE vib /kT S ), where the effective activation energy, DE vib , is the vibrational excitation energy to populate CO (v = 1) from CO (v = 0). The dashed line shows the vibrational excitation probability that would result if CO vibration came to full thermal equilibrium with the solid. Observed excitation probabilities are uniformly 3% of this so-called thermal limit. 1 Also displayed in Fig. 1 (as a star) is the excitation probability for E I = 0.7 eV and T S = 800 K reported in ref. 8 . The downward pointing open triangle is an upper limit to the vibrational excitation probability for E I = 0.7 eV and T S = 300 K also reported in ref. 8 .
Scattering angular distributions for the channels CO (v = 0 -0) and CO (v = 0 -1) are shown in Fig. 2 at three values of T S (= 573, 773 and 973 K). The scattering angular distributions are very similar for the two vibrational channels and clearly show no angular dependence on the vibrational excitation. In all cases the angular distributions are narrow (between cos 5 y and cos 9 y) and peak near the specular scattering angle. Careful inspection reveals that the scattering angular distributions all become slightly broader with increasing T S . Also shown in Fig. 2 (as dotted lines) are cos y functions, which are substantially broader than the observed scattering angular distributions. (bottom to top). As T S increases, the Q-branch of the (1,1) band increases about 100 fold, whereas the O-branch of the (0,0) band increases by less than a factor of 2. The star, referred to us lovingly as ''Checkpoint Charlie'', denotes the excitation probability measured in ref. 8 for an incidence kinetic energy of 0.7 eV. The downward pointing triangle was also reported as an upper limit to the vibrational excitation probability. . Solid lines are best fits to the data. Also shown in each plane is a cos y angular distribution as a dotted line, expected for trapping/desorption, where the trapping probability is independent of incidence angle. Note a slight broadening of all angular distributions with increasing T S as expected for a direct scattering mechanism. The data points near 01 are subject to background due to non-resonant ionization of the incident beam.
Discussion
An extensive study has been previously published employing an experimental setup similar to the present work. 8 In that work, continuous supersonic beams of CO were formed by seeding in H 2 or He and employing variable nozzle temperature, T Nozzle , to influence the incidence energy of translation. When these CO beams were scattered from a Au(111) crystal, CO (v = 0 and 1) were observed by 2 + 1 REMPI via the B 1 S + ' X 1 S + system, similar to this work. In one measurement at E I = 0.7 eV and T S = 300 K (T Nozzle = 300 K) no CO (v = 1) could be observed, hence, only an upper limit to the excitation probability, P v o 3 Â 10
À4
, could be reported. This is shown as a downward pointing triangle in Fig. 1 . In another experiment, E I = 0.7 eV and T S = 800 K (T Nozzle = 300 K), shown as a star in Fig. 1 , a signal from CO (v = 1) could be seen clearly. Attempts to induce higher vibrational excitation probabilities by heating the nozzle and thereby increasing E I were compromised by the increased population of incident CO (v = 1) in the molecular beam, which is a source of unwanted background due to vibrationally elastic rotational redistribution occurring in collision with the surface.
Compared to the present work, which benefits from many experimental improvements, most importantly the use of pulsed molecular beams and the very short distance between the nozzle and surface, it seems that the 1993 work was fundamentally less sensitive to scattering channels exhibiting small absolute excitation probabilities. Scattering probabilities below 3 Â 10 À4 were not reported in ref. 8 ; while in the present work, we observe values as small as P v = 8 Â 10 À6 (e.g. at E I = 0.45 eV and T S = 373 K).
Presumably due to the lack of the required sensitivity to small signals, additional measurements of angular distributions and other potential dynamical indicators could not be undertaken. In the absence of a more comprehensive data-set, it was impossible to observe dynamical fingerprints of a direct scattering mechanism that had produced the CO (v = 1) observed in that work. Hence, it was thought more likely that trapping/desorption produced the observed CO (v = 1), a process that is simply the result of the molecule reaching thermal equilibrium with the solid due to its long interaction time. This possibility was supported by measurements of trapping probability (using the King and Wells method) which were found to scale as E I cos y I , where y I is the incidence angle. In addition, CO (v = 1) survival probabilities were measured using a heated nozzle. No CO (v = 1) loss could be seen although CO (v = 1) survival probabilities as low as 0.9, 0.9 and 0.6 would not have been distinguished from complete survival for E I = 0.23, 0.63 and 1.1 eV, respectively. These narrow scattering angular distributions are unambiguous proof that trapping/desorption does not substantially contribute to the signals observed in this work. Fig. 2 shows (as dotted lines) a cos y i angular distribution which is the distribution that would be expected if the trapping probability were independent of y i . As mentioned above, CO trapping on Au(111) was found to scale with E I cos y I . 8 Similar observations have been made for Ar trapping on hydrogen-terminated tungsten, 2H-W(100). In that work thermal desorption was also studied and angular distributions broader than cos y i were observed and rationalized on the basis of detailed balance. 50 A finer point concerning the scattering angular distributions is the slight broadening with increasing T S , which we interpret as the influence of thermal Au atom motion increasing the potential energy surface's corrugation. 30 This is to be compared with the dramatic broadening of thermal desorption angular distributions observed with increasing T S for Ar desorbing from 2H-W(100). See Fig. 7-9 in ref. 50 . Further evidence that the observed CO (v = 1) does not originate from a trapping/desorption mechanism is found in the rotational state distributions of these molecules. If the signals observed here were due to trapping/desorption, the observed rotational distributions of CO (v = 1) would depend on T S , which they do not.
While additional experimental and theoretical work is needed, we point out that the T S dependence of the vibrational excitation probabilities is consistent with an electronically nonadiabatic vibrational excitation mechanism. As has been pointed out repeatedly, the population of hot electron-hole pairs with energy sufficient to excite a vibrational transition with energy DE vib is accurately described by an Arrhenius-like relation, A exp(ÀDE vib /kT S ), over a wide range of T S . Hence the slope of the solid line in Fig. 1 , which is found to be DE vib /k, suggests that the vibrational excitation probability is limited by the population of hot EHPs of appropriate energy. The pre-exponential factor obtained from this fit, A = 0.021, is about 13Â smaller than that obtained for a similar analysis of NO in collision with Au(111), 46 suggesting that the strength of the electronically nonadiabatic coupling is substantially lower for CO/ Au(111) than for NO/Au(111). 1 This might reflect the different electron affinities for NO and CO, 0.15 eV and À1.5 eV, respectively, and how these energetics modify electron transfer dynamics between the molecule and the solid. 10 This energetic difference implies that the image charge stabilization of the CO anion results in an anion crossing with the neutral CO potential surface at a relatively high total energy in comparison to the analogous NO crossing. Hence, for a given E I = 0.45 eV, the formation of a transient negative ion state might be less likely for the CO/Au system than for the NO/Au system. See also ref. 18 .
Conclusion
Angular distributions and surface temperature dependent vibrational excitation probabilities for collisions of CO on a Au(111) surface have been experimentally derived. The outcomes of both experiments strongly support the picture of a direct vibrational excitation mechanism, where trapping/desorption plays at most a minor role. The observations presented here are consistent with an electronically nonadiabatic coupling of CO vibration to electronhole pairs of the Au surface that is about one order of magnitude weaker than for the well-studied NO/Au(111) system.
